Objectives-It is very hard to estimate an abnormal or normal fetal karyotype in miscarriage before surgery. We investigated whether the abnormal fetal karyotype in early miscarriage could be estimated by comprehensive ultrasonographic findings by a multivariate analysis.
T he frequency of an early miscarriage before 12 weeks' gestation is approximately 15%. 1, 2 More than half of spontaneous early miscarriages result from abnormal karyotypes, mostly aneuploidies, 3, 4 and it is known that advanced maternal age is correlated with an increased risk of an abnormal fetal karyotype in cases of early miscarriage. [5] [6] [7] However, it remains uncertain whether the fetal karyotype is abnormal, unless a fetal karyotype analysis is performed. Because of the high cost, 8 a routine fetal karyotype examination in cases of early miscarriage is not approved.
Transvaginal ultrasonography (US) is frequently used for pregnant women and has improved with higher resolutions in recent decades. When a fertilized egg is implants in the endometrium, a gestational sac can be first visualized at 4.5 to 5.0 weeks' gestation. 9 Second, a yolk sac, which is the primary maternal-fetal transport system before establishment of the placental circulation, 10 can be visualized as the first structure in the gestational sac from 5.5 weeks' gestation. 11 Finally, an embryo with cardiac activity can be recognized at approximately 6.0 weeks' gestation 12, 13 at the periphery of the yolk sac. These 3 structures in the uterus are necessary and grow to maintain the pregnancy.
Ultrasonographic findings are useful for diagnosing pregnancy outcomes and make it possible to assess the risk of early miscarriage by determining the size and configuration of the gestational sac, yolk sac, and embryo. Abnormal US findings are highly predictive in the diagnosis of early miscarriage. [14] [15] [16] [17] [18] Considering cost-effectiveness, 8 workload, and examinations without insurance in Japan, fetal karyotyping is usually not performed. Therefore, it is clinically useful to predict the presence or absence of an abnormal fetal karyotype with reference to US findings when fetal karyotyping is not performed out. When the fetal karyotype is normal, we should determine the risk factors for miscarriage, such as uterine malformation, antiphospholipid antibodies, etc. Two previous reports showed no association between an abnormal fetal karyotype and US findings in early miscarriage cases. 19, 20 Conversely, there have been a few reports that showed an association between an abnormal karyotype and US findings in the gestational sac, [21] [22] [23] yolk sac, 21, 24 and embryo or fetus. 21, 22, [24] [25] [26] [27] [28] [29] [30] [31] However, to our knowledge, no studies have investigated whether there is a correlation between an abnormal fetal karyotype and US findings by a multivariate analysis on the basis of each structure, such as the gestational sac, yolk sac, and embryo. In this study, we comprehensively investigated what structural or US morphologic findings (gestational sac, yolk sac, and embryo) were most effective for estimating an abnormal fetal karyotype in early miscarriages before 12 weeks' gestation, including clinical characteristics.
Materials and Methods

Study Population
This study was a retrospective cohort study conducted at Toyama University. In our hospital, we treat patients who have had early miscarriage at least once in the special outpatient clinic on infertility. In cases of early intrauterine singleton miscarriage before 12 weeks' gestation, we routinely offer an option of a karyotype analysis for products of conception before we perform dilation and curettage. The results of the karyotype analysis are useful for successful management of the next pregnancy in patients with infertility. The populations included in this study had both natural pregnancies with regular menstrual cycles (range, 26-32 days) and in vitro fertilization-embryo transfer pregnancies. The results of the fetal karyotype analysis were collected between May 2011 and December 2016. Ethics approval was obtained from the Ethics Committee of our hospital (No. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] .
Ultrasonographic Assessment
Transvaginal US scans were performed with an 8-MHz vaginal transducer (Voluson E8C-RS; GE Healthcare Japan Corporation, Sapporo, Japan). All of the patients received transvaginal US examinations at every 2 weeks or, if necessary, every week. Additionally, at least 2 transvaginal US examinations were performed between the 5th and 11th gestational weeks.
The sizes of the gestational sac and yolk sac were calculated on the basis of the average of their perpendicular diameters in the greatest dimension. The size of the embryo was measured as the crown-rump length on the longitudinal axis. An "irregular" gestational sac was defined as a gestational sac without a round or oval shape, and an "irregular" yolk sac was defined as a yolk sac without a round shape. When the structure of the yolk sac or embryo was not recognized, it was set to 0 mm.
Ultrasonographic findings in this clinical study were used when early miscarriage was diagnosed under the following conditions. If the embryo was not visible at diagnosis of early miscarriage, it had not been visible at any time. In addition, the yolk sac gradually becomes larger during pregnancy, but the size of yolk sac used in this study was determined at the time of miscarriage diagnosis.
Diagnosis of Early Miscarriage
A diagnosis of miscarriage before 12 weeks' gestation has been referred to in several reports. [14] [15] [16] [17] [18] The diagnostic criteria of early miscarriage in this study were as follows: (1) fetal cardiac activity was confirmed once, but could not be observed anymore 2 weeks later; (2) an embryo with a crown-rump length of 7 mm or greater without visible cardiac activity; (3) a mean gestational sac diameter of 25 mm or greater with an empty sac; and (4) Pregnancies without an embryo and a mean gestational sac diameter of less than 12 mm that had not doubled after 2 weeks and pregnancies without an embryo and a mean gestational sac diameter of 12 mm or greater that had shown no cardiac activity after 1 or 2 weeks.
Dilation and Curettage and Karyotype Analysis
Dilation and curettage were performed under sterile conditions with US guidance in all patients after informed consent was observed. The products of conception were removed with forceps and quickly placed in RPMI-1640 medium (R8758; Sigma Aldrich, St Louis, MO). The sample was immediately transported for fetal karyotype analysis. The maternal decidua, mucus, and blood clots were completely removed from the chorionic villi under a stereomicroscope. A Gbanding technique was used for the fetal karyotyping of chorionic villi. When this method is used, there is a possibility of maternal cell contamination with a 46,XX result. 32 Therefore, the interpretation requires caution.
Study Procedures
The procedures in this study were as follows: (1) Clinical characteristics of patients (maternal age, prepregnancy body mass index, gestational days at diagnosis, number of miscarriages, repeated miscarriages, and in vitro fertilization-embryo transfer) with an abnormal fetal karyotype and those with a normal fetal karyotype were compared. (2) Ultrasonographic findings for the gestational sac, yolk sac, and embryo between patients with an abnormal fetal karyotype and those with a normal fetal karyotype were examined. (We also examined those except cases with 46,XX.) (3) Significant ultrasonographic findings and clinical characteristics were examined by a multiple logistic regression analysis to determine the most effective marker that was correlated with an abnormal fetal karyotype in early miscarriage.
(We also examined those except cases with 46,XX.). Finally, we considered the efficacy of clinical management according to our results.
Statistical Analysis
To identify the clinical variables associated with a significant difference between abnormal and normal fetal karyotypes, a univariate analysis was performed using the v 2 test or the Mann-Whitney U test where appropriate. Receiver operating characteristic curves were drawn to correlate an abnormal fetal karyotype, and the association of the US findings with an abnormal fetal karyotype was examined by a multiple logistic regression analysis. Odds ratios and 95% confidence intervals were also calculated. All analyses were performed with JMP version 11.2.0 statistical analysis software (SAS Institute Inc, Tokyo, Japan). P < .05 was regarded as significant.
Results
One-hundred sixty patients with a diagnosis of early miscarriage who had a fetal karyotype examination were recruited into this study. One karyotype was difficult to analyze because the chorionic villi culture failed, and 8 patients had insufficient information on the US findings to diagnose early miscarriage. After we excluded these 9 patients, the remaining 151 patients were analyzed in this study. The rate of abnormal fetal karyotypes among these patients was 66.2% (100 of 151). Table 1 shows a comparison of the clinical characteristics of patients with abnormal and normal fetal karyotypes. Maternal age and gestational days at diagnosis in abnormal cases were significantly higher than those in normal cases. Figure 1 shows the number of cases according to karyotype in cases of early miscarriage. In the abnormal cases, chromosome 22 trisomy was the most common (18.0% [18 of 100]) and chromosome 16 trisomy was next (17.0% [17 of 100]). On the contrary, in the normal cases, the prevalence of a female karyotype (46,XX) was 60.8% (31 of 51). Table 2 shows a comparison of US findings at the point of diagnosis of early miscarriage between abnormal and normal cases. The yolk sac in diameter in abnormal cases was significantly larger than that in normal cases and in normal cases except those with 46,XX. The frequencies of an irregular gestational sac and absent embryo in abnormal cases were significantly lower than Figure 1 . Early miscarriage cases according to fetal karyotype (n 5 151). Figure 2 shows the frequency of abnormal fetal karyotypes according to maternal age, with the frequencies at 35 to 39 and 40 years and older of 72.8% and 78.0%, respectively. The cutoff value of maternal age for a correlation with an abnormal fetal karyotype was older than 35 years old from the receiver operating characteristic curve (area under the curve, 0.666; P < .001). Figure   3 shows the frequencies of abnormal fetal karyotypes according to yolk sac size at diagnosis of early miscarriage. The frequencies in abnormal cases with yolk sac sizes of 5 to 6 and greater than 6 mm were 86.4% and 96.1%. The cutoff value for yolk sac size that correlated with an abnormal fetal karyotype was greater than 3.1 mm from the receiver operating characteristic curve (area under the curve, 0.753; P < .001). Table 3 shows the results of the multiple logistic regression analysis among the 5 important factors that correlated with an abnormal fetal karyotype in early miscarriage: maternal age of 35 years or older, yolk sac size of 5 mm or greater, and absent embryo were independent factors for estimating an abnormal fetal karyotype. Additionally, absent embryo was also an independent factor for estimating a normal fetal karyotype. When the results of cases with 46,XX were excluded, maternal age of 35 years or older, yolk sac size of 5 mm or greater, absent embryo, and an irregular gestational sac were independent factors.
The diagnostic values for estimating an abnormal fetal karyotype in early miscarriage cases were calculated and are shown in Table 4 . The positive predictive values were clinically useful for age of 35 years or older old, yolk sac of 5 mm or greater, and the combination of age of 35 years old or older and yolk sac of 5 mm or greater. Furthermore, the diagnostic values for estimating normal fetal karyotype were calculated and are shown in Table 5 . 
Yoneda et al-Estimation of Fetal Karyotype in Early Miscarriage
Discussion
Clinical Importance Generally, in cases of early miscarriage, the most frequent cause is known to be an abnormal fetal karyotype. 3, 4, [33] [34] [35] [36] [37] The frequency of an abnormal fetal karyotype in early miscarriage (<12 weeks' gestation) is also high when the maternal age is high. [5] [6] [7] Even in cases of recurrent miscarriage, the most frequent cause is known to be an abnormal karyotype. 38 However, without information about the fetal karyotype, how we manage to determine the true cause is uncertain. Because fetal karyotyping is expensive, and there is no insurance to pay for fetal karyotyping in Japan, a karyotyping examination will never be done for screening. Therefore, the fetal karyotype result is not known in almost all early miscarriage cases. In this situation, it is beneficial to be able to predict an abnormal or normal of fetal karyotype by referring to the US findings. In this study including maternal age and gestational age at diagnosis, 2 US signs were important factors for estimating an abnormal or normal fetal karyotype:
Yolk Sac Larger Than 5 mm Regardless of the gestational age at early miscarriage diagnosis, a yolk sac size of 5 mm or greater was the independent factor that correlated with an abnormal fetal karyotype. Therefore, a yolk sac of 5 mm or greater was a clinically useful US finding for estimating abnormal fetal karyotype in early miscarriage. A yolk sac of 3.1 mm or greater as obtained from the receiver operating characteristic curve analysis was not used in this study. We recognized by its distribution that a yolk sac of 5 mm or greater was more important in clinical management (Figure 3 ).
There were several previous reports that the size and configuration of the yolk sac was associated with early miscarriage, [39] [40] [41] but the fetal karyotype was not examined. Moreover, several reports that a large yolk sac or enlarged yolk sac were correlated with an abnormal karyotype 21, 24 were compatible with our results. However, these studies did not include a multivariate analysis. We first discovered by the multiple logistic regression analysis that in the early miscarriage cases, a yolk sac of 5 mm or greater suggested an abnormal fetal karyotype. 
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Absent Embryo An absent embryo was also an independent factor in this study. Conversely, however, it was an independent factor that correlated with a normal fetal karyotype in the diagnosis of the early miscarriage. The gestational age at diagnosis of miscarriage was earlier in the cases with absent embryo patterns than in the cases with embryos. Several reports reported that an absent embryo was correlated with a normal fetal karyotype, 21, 22, 24, 25, 27, 28 which support our results. However, these studies did not include a multivariate analysis. Here, we comprehensively determined that an absent embryo suggested a normal fetal karyotype. When early miscarriage is diagnosed, especially in repeated early miscarriage cases with an absent embryo, risk factors of infertility, such as uterine malformation, antiphospholipid antibodies, protein S deficiency, etc, should be examined.
Strengths and Weaknesses of This Study
The following are the major strengths of this study. (1) To our knowledge, this study, which was designed to estimate an abnormal fetal karyotype in early miscarriage using the size or configuration of the gestational sac, yolk sac, and embryo, including clinical characteristics, was the most comprehensive study to date. (2) In this study, US examinations were performed every 2 weeks or, if necessary, every week. Thus, the US findings at the diagnosis of early miscarriage were obtained in detail. The products of conception were not retained with the uterus for a long time because of hydropic changes.
The following were potential weaknesses of this study. (1) The number of patients (151) was not especially large, but the results showed statistically significant differences. (2) This methodological limitation of this research was the G-banding technique, and caution is required to understand the results. However, almost the same results were obtained in this study after excluding the cases with 46,XX. (3) We did not examine women with normal pregnancies that had a large yolk sac, which showed no association with an abnormal karyotype. 42, 43 (4) The patients were only Japanese women, and there may be some differences between races. (5) When the standard deviation of the embryo/crown-rump length corrected by the estimated size by date was smaller, the frequency of an abnormal fetal karyotype was higher. [29] [30] [31] In this study, the standard deviation of the embryo/crown-rump length was not evaluated because the existence of an absent embryo was more important than the size of the embryo/crown-rump length.
Proposals for Future Research
We propose a comprehensive study to investigate the correlation between an abnormal fetal karyotype and ultrasonographic findings in a larger number of patients.
Conclusions
Regardless of the maternal age or gestational age at the diagnosis of early miscarriage before 12 weeks' gestation, a yolk sac size of 5 mm or greater suggested an abnormal fetal karyotype, whereas an absent embryo indicated a normal fetal karyotype.
